Abstract. Cancer tissue is maintained by relatively small populations of cancer stem cells (CSCs), which are involved in chemotherapy resistance, recurrence and metastasis. As tumor tissues are comprised of various cells, studies of human clinical samples are important for the characterization of CSCs. In the present study, an expression profiling study was performed in which an anti-cell surface marker antibody-based array platform, a flow cytometry-based cell separation technique and a tumorigenicity analysis in immunodeficient animals were utilized. These approaches revealed that the markers cluster of differentiation (CD)44 and CD26 facilitated the fractionation of surgically resected human gastric cancer (GC) cells into the following subset populations with distinct tumorigenic potentials: Highly tumorigenic CD26 + CD44 + cells (6/6 mice formed tumors), moderately tumorigenic CD26 + CD44 -cells (5/6 mice formed tumors), and weakly or non-tumorigenic CD26 -CD44 -cells (2/6 mice formed tumors). Furthermore, exposure to 5-fluorouracil significantly increased the proportion of CD26 + cells in vitro. The present study demonstrated that the combined expression of CD26 and CD44 presents a potential marker of human GC stem cells.
Introduction
More than 800,000 mortalities occur annually as a result of gastric cancer (GC), which is the second leading cause of cancer-associated mortality worldwide (1) . Although the surgical techniques, chemoradiation therapy regimens, and pre-and postoperative medications used to treat GC have improved, the median overall survival time of patients with advanced GC remains at ~13 months (2) . Tumor heterogeneity has been identified as a factor that negatively affects patient survival and numerous studies have indicated that the involvement of small populations of cancer stem cells (CSCs) within tumor tissues may contribute to this heterogeneity and thus to chemoradiation therapy resistance, local invasion and metastasis to other organs (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
The CSC hypothesis was initially proposed following the prospective identification of leukemia-initiating cells in patients with acute myeloid leukemia (AML) (3, 4) . The AML studies, which were conducted in immunocompromised mice, revealed a significantly higher leukemic potential in cluster of differentiation (CD)34 + CD38 -leukemic cells than in CD34 + CD38 + or CD34 -cells (3, 4) . Following the identification of these leukemic stem cells, CSCs or cancer-initiating cells have been identified in various types of solid tumors, including breast, brain, colon, pancreatic, liver and gastric tumors (5) (6) (7) (8) (9) (10) (11) . Xenotransplantation assays have demonstrated the high capacity of CSCs for self-renewal and, thereby, the likelihood that these cells may regenerate the heterogeneous types of cancer cells that complicate therapeutic approaches (12, 13) . When characterizing CSCs, the use of human samples, which have usually been resected via surgical procedures, is important to elucidate the mechanisms of chemoresistance, radioresistance, metastasis and recurrence, and to identify novel drug targets against neoplastic diseases with poor prognoses (12, 14) .
Regarding (11, (15) (16) (17) (18) (19) (20) . However, the hyaluronic acid receptor, CD44, cannot be used to specifically detect gastric CSCs, even when combined with CD133 (21) . In the present study, the cell surface markers expressed on surgically resected GC cells were comprehensively profiled in combination with a xenograft study in immunodeficient mice to identify novel markers for the detection of gastric CSCs. This approach facilitated the identification of the combination of CD44 and CD26 as a useful marker of cancer stem cell properties.
Materials and methods
Cancer cells. Fresh surgically resected well-differentiated GC specimens were obtained at Osaka University Medical Hospital (Osaka, Japan) between 2011 and 2012 and written informed consent was obtained from all patients. This study was approved by the ethics committee of Osaka University (Osaka, Japan). The GC cell lines (MKN7, MKN28, MKN45 and AZ521, were provided by the Department of Gastroenterological Surgery, Osaka University) were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific Inc., Waltham, MA, USA) and an antibiotic/antimycotic solution (Sigma-Aldrich). To facilitate sphere formation, the cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 medium supplemented with 20 ng/ml of recombinant human epidermal growth factor (EGF; Promega Corporation, Madison, WI, USA) and 10 ng/ml of basic fibroblast growth factor (FGF; PeproTech Inc., Rocky Hill, NJ, USA) in 96-well plates, six-well plates, or 100-mm dishes with Ultra-Low Attachment surfaces (Corning Inc., Corning, NY, USA).
Antibody arrays and flow cytometric studies.
A Lyoplate® assay (BD Biosciences, San Jose, CA, USA) was used to screen surface markers, and was equipped with antibodies against 242 human cell surface markers, (mouse anti-human monoclonal antibodies: CD1a, CD1b, CD1d, CD2, CD3, CD4, CD4v4, CD5, CD6, CD7, CD8a, CD8b, CD9, CD10, CD11a, CD11b, CD11c, CD13, CD14, CD15, CD15s, CD16, CD18, CD19, CD20, CD21, CD22, CD23, CD24, CD25, CD26, CD27, CD28, CD29, CD30, CD31, CD32, CD33, CD34, CD35, CD36, CD37, CD38, CD39, CD40, CD41a, CD41b, CD42a, CD42b, CD43, CD44, CD45, CD45RA, CD45RB, CD45RO, CD46, CD47, CD48, CD49a, CD49b, CD49c, CD49d, CD49e, CD50, CD51/61, CD53, CD54, CD55, CD56, CD57, CD58, CD59, CD61, CD62E, CD62L, CD62P, CD63, CD64, CD66a, -c, -d, -e), CD66b, CD66f, CD69, CD70, CD71, CD72, CD73, CD74, CD75, CD77, CD79b, CD80, CD81, CD83, CD84, CD85, CD86, CD87, CD88, CD89, CD90, CD91, CDw93, CD94, CD95, CD97, CD98, CD99, CD99R, CD100, CD102, CD103, CD105, CD106, CD107a, CD107b, CD108, CD109, CD112, For sphere formation, the cell lines were cultured for 7 d in Ultra-low Attachment dishes (Corning Inc.) at a density of ≤5x10 6 cells/dish. Briefly, the cells were collected and washed to remove serum and then suspended in serum-free DMEM/F12 supplemented with 20 ng/ml of human recombinant EGF, 10 ng/ml human recombinant basic FGF, 2% B27 supplement without vitamin A and 1% N2 supplement (Invitrogen Life Technologies). The spheres with a diameter of >50 µm were counted and collected via gentle centrifugation with a pipette.
Tumorigenicity. A total of 24 four-to six-week-old female non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (CLEA Japan Inc., Tokyo, Japan) were used as subcutaneous xenograft models under specific pathogen-free conditions. The tumor volumes were calculated using the following formula: Tumor volume = (longest diameter) x (shortest diameter) 2 x 0.5. This study was approved by the Animal Experiments Committee of Osaka University.
Statistical analysis. Data are expressed as the mean ± standard deviation. Continuous variables were compared using the Student's t-test. Statistical analyses were performed using JMP statistical software, version 9.0 (SAS Institute Inc., Cary, NC, USA).
Results
Antibody-based array and flow cytometry. Two surgically resected GC xenografts were assessed for surface marker expression via flow cytometry (Fig. 1A) . The antibody-based array study indicated that 27 of the 242 evaluated surface markers were expressed in the two xenografts. The subsequent multicolor flow cytometric analysis confirmed that among these markers, CD15, CD24, CD26, CD44, CD47 and CD147 extended the expression profiling from the negative to the positive range and further revealed that the combination of CD26 and CD44 may be used to fractionate the GC xenograft cells into three subsets (Fig. 1B) . The confirmation study indicated that five of the flow cytometrically analyzed cases were consistently fractionated into at least three subsets according to the combined CD26 and CD44 expression statuses (Fig. 1C) .
Sphere formation induces CD26
+ cells. Cell culture conditions suitable for sphere formation have been reported to support stem-like cell maintenance and, presumably, to induce at least partial CSC induction, which consequently enriches CSC cell populations (6, 22) . Four GC cell lines (MKN7, MKN28, MKN45 and AZ521) were used in a sphere formation assay. Distinct spheres were formed after culturing the cell lines in serum-free and unattached conditions (Fig. 2A) . Flow cytometric analysis of the adherent cells and spheres revealed that sphere formation enriched the CD26 + cell subset in three out of four of the examined cell lines (Fig. 2B and C) .
CD26
+ CD44 + cells exhibit high tumorigenic potential. The tumorigenicity of each CD26-and CD44-defined subset was assessed. Cells from a surgically obtained specimen-derived GC xenograft (Case 1) were sorted via fluorescence-activated cell sorting into three subsets, CD26 + CD44 +   , CD26  + CD44   -,  and CD26 -CD44 -, and were then subcutaneously injected into NOD/SCID mice. The largest and most frequent tumor formations were obtained with the CD26 + CD44 + subset. The subset formed relatively small tumors; however, the frequency of tumor formation was higher with CD26 + CD44 -subset than with the CD26 -CD44 -subset (Fig. 3A) . Flow cytometric analysis of the formed tumors revealed the recapitulation of three subsets similar to those in the original xenograft (Figs. 1C  and 3B ). The histological characteristics of the formed tumors were similar to those of the xenograft prior to sorting and of the original patient sample (Fig. 3C) .
Roles of CD26 and CD44 in chemoresistance.
Chemoresistance is a clinically important feature of CSCs. GC cells cultured in the presence of 5FU exhibited increased frequencies (%) of CD26 + cells in a 5FU dose-dependent manner ( Fig. 4A and B) . In contrast to CD26, the frequencies of CD44 + cells decreased following 5FU exposure (Fig. 4C) . The MKN28 and AZ521 cells were completely CD44
-prior to and following 5FU exposure, as determined via flow cytometry (data not shown).
Discussion
Monoclonal antibodies have been used to identify and characterize cell surface molecules, and similar techniques have been utilized in various research fields, including immunology, hematopoietic stem cell biology and cancer stem cell biology (23) . To date, >350 cell surface molecules are numbered according to CD nomenclature; however, a recent bioinformatics study reported that 3,702 transmembrane proteins are expressed on the surfaces of human cells (24) .
To the best of our knowledge, there have been no comprehensive reports of cell surface molecule expression evaluations in surgically resected primary GC using >242 molecules, as evaluated in the current study. Among the screened surface markers in this study, the combination of CD26 and CD44 was shown to be capable of dividing GC xenograft cells into three to four subsets via flow cytometry (Fig. 1B and C) . In a xenotransplantation experiment, similar tumorigenic efficiencies were demonstrated in the CD26 + CD44 + and CD26 + CD44 -cells, in contrast to the low tumorigenicity of the CD26 -CD44 -subset ( Fig. 3A and B) . These data indicate that the insufficiency of CD44 as a CSC marker may be improved by the complementary use of CD26 as a co-marker.
As a result of the CSC hypothesis, cancer cells within whole tumor tissues have been classified into two major groups, the tumorigenic and non-tumorigenic CSCs (non-CSCs). However, recently, tumorigenic cell heterogeneity with respect to clonal dominancy and chemoresistance was identified using of clonal tracking techniques based on lentiviral insertion sites (25, 26) . Kreso et al (25) reported five types of clones within colorectal cancer xenografts. In contrast to actively proliferating clones, the slow-growing cell types supposedly became dominant following chemotherapy (25) . In the present study, CD26 + CD44 + cells formed relatively larger tumors when compared with CD26 + CD44 -cells (Fig. 3A) . This observation indicates that CD26 + CD44 + cells underwent rapid proliferation, unlike the CD26 + CD44 -cells. However, following 5FU exposure, the frequencies of CD44 + cells decreased significantly in vitro, whereas the frequencies of CD26 + cells increased (Fig. 4) . These results indicate that although CD26 + CD44 + cells and CD26 + CD44 -cells may initiate tumor growth and regenerate histologically and phenotypically similar tumors ( Fig. 3B and  C) , the cell subsets may differ with respect to proliferative activity and chemotherapeutic sensitivity. Consequently, the role of CSC in therapeutic resistance remains clinically important. The identification of a therapy-resistant CSC subset may accelerate the process of CSC hypothesis-based novel therapy development.
